Protein turnover is a critical cellular process regulating biochemical pathways and destroying terminally misfolded or damaged proteins. Pca1p, a cadmium exporter in the yeast Saccharomyces cerevisiae, is rapidly degraded by the endoplasmic reticulum-associated degradation (ERAD) system via a cis-acting degron that exists at the 250 -350 amino acid region of Pca1p and is transferable to other proteins to serve as a degradation signal. Cadmium stabilizes Pca1p in a manner dependent on the degron. This suggested that cadmium-mediated masking of the degron impedes its interaction with the molecular factors involved in the ERAD. The characteristics and mechanisms of action of the degron in Pca1p and most of those in other proteins however remain to be determined. The results presented here indicate that specific cysteine residues in a degron of Pca1p sense cadmium. An unbiased approach selecting non-functional degrons indicated a critical role of hydrophobic amino acids in the degron for its function. A secondary structure modeling predicted the formation of an amphipathic helix. Site-directed mutagenesis confirmed the functional significance of the hydrophobic patch. Last, hydrophobic amino acids in the degron-and cadmium-binding region affected the interaction of Pca1p with the Ssa1p molecular chaperone, which is involved in ERAD. These results reveal the mechanism of action of the degron, which might be useful for the identification and characterization of other degrons.
The regulation of a number of biochemical pathways relies on turnover control of specific proteins (1, 2) . The protein homeostasis system also destroys terminally misfolded or damaged proteins to prevent their accumulation and aggregation (3, 4) . In line with these vital roles, defects in proteostasis in association with genetic and epigenetic problems, cellular stress, and/or reduced cellular capacity are attributed to multiple diseases such as neurodegenerative diseases, cystic fibrosis, diabetes, and cancer (5) (6) (7) .
Degradation of proteins in response to cellular cues should be specific, highly targeted, and dynamic. The conditional exposure of the degradation signals, degrons, could determine the recruitment of molecular factors involved in the degradation process (1, 8) . Degrons are controlled through diverse mechanisms such as posttranslational modifications (e.g. hydroxylation, glycosylation, and phosphorylation), protein-protein interactions, and the binding of specific metabolites (9 -13) . Despite this conceptual frame and many examples displaying regulated turnover, only a few degrons have been identified and characterized. For instance, IB phosphorylation or Cys residue modification of KEAP1 leads to their dissociation from NF-B and NRF2, respectively, to stabilize these transcription regulators (12) . Hydroxylation of specific proline residues within HIF-1 recruits an ubiquitin ligase complex (14) . If degron is defined as a region of a protein that is transferrable to other proteins with the maintenance of its role for protein degradation, then the degron in the Mat␣2p transcription repressor in yeast has been relatively well characterized (1, 15) . Dimerization of Mat␣2p with Mata1p hides the degron (16) , indicating exposure control of a degron through protein multimerization. The degron in Mat␣2p forms an amphipathic helix, and the hydrophobic face of the helix appears to be the primary signal for recruiting degradation machinery (16) . Similar characteristics were also found in a degron of mammalian SGK1 (17) . Nevertheless, in most cases, the characteristics and regulatory mechanisms of degrons remain unknown.
Cells also degrade unassembled, misfolded, or damaged proteins to prevent their toxicity. Translational errors, protein denaturation, and damage by stressors such as heat, heavy metals, and defects in maturation, such as multimerization, glycosylation, or cofactor binding, all result in the production of proteins that are non-functional and prone to aggregation (18) . For instance, the endoplasmic reticulum-associated degradation (ERAD) 2 system controls the quality of proteins that are first targeted to the lumen or membrane of the ER for distribution to different cellular compartments (19, 20) . Maturation defects of secretory proteins result in their destruction by the ubiquitin/ proteasome system within the cytosol. Several model substrates possessing mutations, such as CFTR⌬F508, Cpy1*p, and Ste6*p, as well as non-mutated proteins, such as apolipoprotein B and Hmg2p, have been studied (18, (21) (22) (23) (24) . Although many different molecular factors involved in the process have been identified (25) , the mechanistic details remain to be investigated.
Ubiquitin often acts as a "tag" for the regulatory degradation of proteins, and the proteasome is a major destination for the degradation of those proteins (2, (25) (26) . There is also mounting evidence for the role of Hsp70p chaperones in the degradation of proteins, including several ERAD substrates (18, (27) (28) (29) , which can at least partially resolve how the substrates of degradation pathways are initially recognized.
We have documented that Pca1p in the yeast Saccharomyces cerevisiae is a cadmium-exporting P-type ATPase and contains a degron at the cytoplasmic N terminus (9, 30) . The degron residing between the 250th and 350th amino acids of Pca1p is responsible for ERAD-mediated degradation of Pca1p and another protein fused with the sequence (9, 30) . Cadmium in the culture medium rapidly up-regulates Pca1p via a degrondependent mechanism (31) . Given the seven Cys residues within the degron and the high affinity of cadmium for thiols (9) , cadmium could directly bind to the degron as a mechanism of cadmium sensing and control of degron function. This ERAD-mediated expressional control of a cell surface protein by a cis-acting degron rather than misfolding or by an assembly defect illustrates an intriguing mechanism underlying protein turnover.
This study aimed to gain better insights into the characteristics and regulatory mechanisms of a degron in Pca1p. Our data suggest that direct cadmium sensing by specific Cys residues in a degron of Pca1p alters its secondary structure to limit the exposure of hydrophobic residues, which reduces binding of the degron with Ssa1p, a molecular chaperone involved in protein degradation.
Experimental Procedures
Yeast Strains and Growth Conditions-The BY4741 haploid S. cerevisiae strain (MATa his3⌬1, leu2⌬0, met15⌬0, ura3⌬0) and isogenic strains containing specific gene deletion, including pdr5⌬ and yor1⌬, were obtained from Open Biosystems. The ssa2, 3,4⌬, ssa1-45,ssa2,3,4⌬ , and isogenic control WT strains (32) were provided by E. Craig (University of Wisconsin, Madison, WI). Cells were cultured in the synthetic complete (SC) medium (2% (w/v) dextrose, 0.2% (w/v) amino acid mixture, and 0.67% (w/v) yeast nitrogen base) lacking uracil for plasmid selection (SC-ura), YPD medium (1% (w/v) yeast extract, 2%(w/v) bacto-peptone, and 2% (w/v) dextrose), and non-fermentable YPEG medium (1% (w/v) yeast extract, 2% (w/v) bacto-peptone, 2% (w/v) ethanol, and 3% (w/v) glycerol), as indicated for each experiment. Solid medium contained 1.5% (w/v) agar. Cells were cultured at 30°C unless specified otherwise.
Plasmid Construction-A single-copy yeast plasmid, p416-GPD (33), was used for GPD1 gene promoter-mediated constitutive expression of PCA1 and its mutant alleles. Triple hemagglutinin (3HA) and double c-myc (2Myc) epitopes were inserted after the start codon and before the stop codon of PCA1, respectively, for the detection of Pca1p expression. Fusion of these epitopes did not alter the function of Pca1p (30) . PCA1 mutant alleles were created with PCR-based site-directed mutagenesis using an overlapping primer method (34) .
The coding sequence of SSA1 was PCR-amplified using a genespecific primer set and inserted into the BamHI/XhoI sites of the p415-GPD plasmid (33) . The HA epitope was fused at the C terminus. To purify the GST-fused PCA1 fragment encompassing the amino acids 250 -350 region (GST-Pca1p(250 -350)) by Escherichia coli expression, the nucleotide sequence obtained by PCR using a gene-specific primer set flanked with the BamHI enzyme site and a stop codon followed by XhoI 5Ј and 3Ј, respectively, was inserted into the pGEX-6P-1 vector (35) .
The YOR1 expression construct in p415-GPD was prepared by PCR amplification of the coding sequence of the YOR1 gene in the BY4741 strain using a gene-specific primer set followed by ligation of it into the XbaI and XhoI sites of the vector. NotI site was artificially inserted right after the start codon. 3HA epitope-fused PCA1(1-392) was inserted into the NotI site. Site-directed mutagenesis was conducted by the primer overlap extension method (35) to create HindIII and PstI sites flanking PCA1(250 -350) without altering amino acids.
Plasmid amplification and purification using E. coli followed molecular biology methods established previously (36) . Yeast plasmid transformation was performed using a lithium acetate method (37) .
Purification of Pca1p(250 -350) Peptide-BL21 E. coli cells expressing the pGEX-6P-1 vector containing GST-Pca1(250 -350)p or GST were grown to mid-log phase and induced with 50 M isopropyl 1-thio-␤-D-galactopyranoside overnight at 18°C. Cells were collected and lysed by sonication in lysis buffer containing 50 mM Tris-HCl (pH 7.2), 100 mM sucrose, 10% (v/v) glycerol, 500 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 1 mM pepstatin A, and 1 mM PMSF. Lysates were then incubated with Triton X-100 (1%, v/v) at 4°C for 30 min and centrifuged at 11,000 ϫ g to remove cell debris. The resulting lysate was added to a glutathione-agarose column (Pierce) and incubated overnight with gentle rocking at 4°C. The column was washed with wash buffer (20 mM Tris-HCl (pH 7.2), 100 mM sucrose 10% (v/v) glycerol, 150 mM NaCl, 1 mM TCEP, and 15 mM octyl-␤-glucoside) and then treated with PreScission protease (100 units, GE Life Sciences) in the wash buffer. The purified Pca1p(250 -350) was used for biophysical characterizations.
Metal-induced Tyrosine Quenching of Pca1p(250 -350) Determined by Spectroscopy-Binding of Cd 2ϩ to Pca1p(250 -350) (in 50 mM Tris-HCl (pH 7.4) in the presence of 1 mM TCEP) through addition of increasing concentrations of CdCl 2 (0.625 M) was determined by monitoring the quenching of tyrosine fluorescence. Excitation was set at 280 nm, and the emission was collected (38) . Given the reducing environment in the cytosol, TCEP prevents oxidation of Cys residues. The same protocol was followed for copper and zinc; however, CuCl 2 solubilized in water was pretreated with ascorbate (1 mM) at 4°C for 30 min to reduce Cu 2ϩ to Cu ϩ . Cytosolic copper ions are in the Cu ϩ redox state; cadmium and zinc exist only in the divalent state.
Isothermal Titration Calorimetry-Purified Pca1p(250 -350) (240 M in 1.8-ml volume) was placed into the reaction chamber of a microcalorimeter (MicroCal VP-ITC), and 10 mM CdCl 2 was loaded into the syringe. The reaction was monitored for 18 injections with a total run time of 90 min, and the result-ing data were plotted using MicroCal Origin software. This was repeated with CdCl 2 against the sample buffer to exclude CdCl 2 binding to the components (e.g. TCEP) of the reaction buffer.
Inductively Coupled Plasma MS-Cells were co-cultured with CdCl 2 (1 M for 0 -60 min) at the mid-log phase (A 600 ϳ0.8). At each time point, cells were collected and washed once in medium (30°C) containing EDTA (10 mM) to remove excess CdCl 2 bound to the cell surface. Cells (5 ml of A 600 ϭ 1 cell) were then thoroughly washed in ice-cold H 2 O containing 10 mM EDTA and digested in 600 l of 10% nitric acid at 70°C for 2 h. Metal levels in the samples were measured by inductively coupled plasma MS as described previously (39) (250 -350) were transformed to the yor1⌬ yeast strain. Replicative plating of the colonies (ϳ30,000) to plates containing oligomycin (1 g/ml) selected yeast cells conferring Yor1p-dependent oligomycin resistance. Colonies growing on oligomycin plates were selected. The plasmid was extracted from the cells and amplified using E. coli (42) . Sequencing of the plasmids identified mutation(s) within PCA1 (250 -350) .
Cell Growth Assay on Solid Medium Containing Oligomycin and/or Cadmium-Yeast cells expressing Pca1(1-392)-Yor1p, Yor1p, or Pca1p(1-392)-Yor1p possessing amino acid substitution(s) were cultured in SC-selective medium to mid-log phase. Cells (ϳ5 l, A 600 0.1) were spotted on solid YPEG medium prepared with and without the addition of cadmium (CdCl 2 , 2 M) or oligomycin (1 g/ml). Plates were incubated at 30°C for 2 days prior to photography (9) .
Immunoblotting-Cells were broken using glass bead disruption in lysis buffer (PBS containing 0.1 mM PMSF, protease inhibitor mixture (Complete Mini, Roche), 0.1 mM EDTA, and 1% Triton X-100). The protein concentration of samples was measured using the BCA kit (Pierce) following the instructions of the manufacturer. Samples were denatured using sample buffer containing DTT (25 mM) and subjected to denaturation (37°C for 15 min). SDS-PAGE was transferred to nitrocellulose membrane, and proteins were detected using rabbit anti-HA monoclonal antibodies (Rockland, 600-401-384), mouse antimyc antibodies (ABM, G019), and mouse anti-3-phosphoglycerate kinase (Pgk1p) antibodies (Invitrogen, 459250). Horseradish peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology Inc., SC-2005) and goat anti-mouse IgG (Santa Cruz Biotechnology Inc., SC-2004) were secondary antibodies.
West Pico chemiluminescence (Thermo Scientific) was used for illumination of antibody-bound proteins.
Co-immunoprecipitation to Determine the Physical Interaction between Pca1p and Ssa1p-Pca1p fused with 3HA and 2Myc epitopes at the N and C termini, respectively, with and without L296S substitution and empty vector (p416-GPD) were co-expressed with Ssa1p-HA in pdr5⌬ cells. Cells at mid-log phase (A 600 ϳ0.8) were treated with a proteasome inhibitor (MG132, 20 M) for 2 h. Cells were then collected by centrifugation (6000 ϫ g, 5 min), washed in ice-cold PBS, and then resuspended in PBS containing MG132 (20 M) and a membrane-permeable, thiol-reversible cross-linker, dimethyl 3,3Ј-dithiobispropionimidate (100 g/ml) (Thermo Scientific). After incubation at room temperature with gentle rocking for 30 min, cells were placed on ice and washed in lysis buffer (50 mM Tris-HCl (pH 7.4), 0.1 mM EDTA, 0.1 mM PMSF, and protease inhibitor mixture (Complete Mini, Roche)) to quench the reaction. Cell lysates were obtained by glass bead disruption in the same buffer. Samples were spun down (300 ϫ g for 3 min) to remove debris and unbroken cells. The lysates were then centrifuged (100,000 ϫ g for 30 min) to create a pellet fraction. Pellets were treated with Triton X-100 (1%) for 30 min at 4°C with gentle rocking for membrane solubilization. The protein concentration was measured using a BCA kit (Pierce). Cell lysates (1 mg) were incubated with anti-myc beads using a Profound TM c-Myc tag immunoprecipitation/co-immunoprecipitation kit (Thermo Scientific) according to the specifications of the manufacturer. Eluted proteins were treated with DTT (150 mM) to break the cross-links (37°C for 30 min). The resulting solution was run on SDS-PAGE, followed by immunoblotting to detect the interaction between Pca1p and Ssa1p. Prediction of Structure-I-TASSER predicted the threedimensional structure of Pca1p(230 -350) (45) . The highestscoring match was selected. Helical wheel projections of Pca1p(271-306) were obtained. Hydrophobic cluster analysis of Pca1p(250 -350), and Pca1p(250 -350) containing either the I299N or L296S substitution was conducted (46) .
Alignment of Pca1p(250 -350) with the Corresponding Sequence of Pca1p-like Proteins in Other Fungi
Statistical Analysis-Data were presented as mean Ϯ S.D., and statistical comparisons of control and experimental groups were performed using Student's t test. p Ͻ 0.05 was considered to be significant.
Results

Determination of Cadmium Binding to Pca1p(250 -350)-
Pca1p in the yeast S. cerevisiae undergoes a rapid turnover by ERAD in a cadmium-and degron-dependent mechanism (9, 30) . We aimed to gain a better understanding of how the ERAD machinery recognizes the degron in the absence of cadmium and how cadmium masks the signal. GST-fused Pca1p(250 -350) peptide encompassing the 250th to 350th amino acids of Pca1p and containing the degron was expressed in E. coli and subsequently purified using GSH-agarose, followed by cleavage of the GST (Fig. 1A) . The purified peptide was subjected to UV fluorescence quenching after addition of cadmium, copper, or zinc spectroscopy. Although Pca1p(250 -350) peptide does not contain any Trp residues, it does contain six Tyr residues. We were able to follow the change in emission spectra with the introduction of cadmium (Fig. 1B) . Cadmium and copper but not zinc affected the emission spectra of the peptide; this is consistent with in vivo data displaying a metal ion specificity in inducing Pca1p stabilization in a manner dependent on the degron (9, 30) . It is necessary to emphasize that the copper effect on Pca1p in cells was not observed in wild-type control strains that express the Ace1p-mediated copper detoxification system (30) . Therefore, among tested metal ions, cadmium is the only regulator of the degron in Pca1p under physiologically relevant conditions. Isothermal titration calorimetry was utilized to determine the binding affinity of cadmium with Pca1p(250 -350) (Fig. 1C) . The disassociation constant (K d ϭ ϳ6 M (1/Ka, Ka ϭ 1.63 ϫ 10 5 M Ϫ1 )) was determined for this peptide when presented with CdCl 2 (Fig. 1C, bottom panel) . The observed stoichiometric ratio of Cd 2ϩ binding was one Cd 2ϩ ion to one peptide (n ϭ 0.96 or ϳ1).
Given the rescue of Pca1p from ERAD when cells are co-cultured with cadmium at 1 M concentration, the K d value was higher than anticipated. We addressed the possibility of intracellular cadmium accumulation over time to induce Pca1p stabilization. Indeed, the cadmium content of the cells co-cultured with 1 M CdCl 2 reached 6.60 M and 15.30 M after 15 and 30 min, respectively ( Fig. 2A) . This surprisingly high accumulation of cadmium correlated well with Pca1p stabilization determined by Western blotting (Fig. 2B) . Although it is necessary to note the differences between in vivo and in vitro environments affecting available cadmium to Pca1p(250 -350), these data indicate that the 6.1 M K d for cadmium binding to the Pca1p(250 -350) determined in vitro might be physiologically relevant.
Roles for Cysteine Residues of in Cadmium Sensing-Cys residues are readily targeted by cadmium because of its high affinity for thiols (47) . Pca1p(250 -350) contains seven Cys residues, including those in the CXCX 10 CC motif (X ϭ any amino acid) (Fig. 3A) . To determine whether these residues are involved in cadmium sensing, the Cys residues were substituted with Ala (Fig. 3B) . Cells expressing PCA1 alleles possessing the mutations were cultured with and without cadmium (1 M, 30 min), and steady-state Pca1p levels were measured by Western blotting (Fig. 3B) . As expected, WT Pca1p showed dramatic up-regulation when cells were co-cultured with cadmium ( Fig. 3 , B, first lane versus second lane, and C, first column). Substitution of either CXC or CC to Ala resulted in reduced cadmium effects on Pca1 stabilization (less than 50% relative to control Pca1p) (Fig. 3, B , third lane versus fourth lane and fifth lane versus sixth lane, respectively, and C, second and third columns). Other amino acid residues therefore could sense cadmium in the absence of two Cys residues at CXC or CC. However, when all seven Cys residues were substituted to Ala, there was a complete loss of cadmium-induced Pca1p stabilization (Fig. 3, B , seventh lane versus eighth lane, and C, fourth column). It is also intriguing to note the elevated steadystate expression levels of Pca1p possessing Ala substitution of CC or all seven Cys (Fig. 3 , B, first lane versus fifth and seventh lanes, and D, third and fourth columns). This suggests inefficient recognition of those Pca1p by the ERAD machinery in the absence of cadmium exposure.
In an effort to determine whether the Cys residues work in concert to coordinate cadmium or whether it was simply due to the nonspecific thiol affinity of cadmium, Cys 298 in the CXC and Cys 311 in the CC motif were switched with Ser 291 and Ser 306 , respectively (Fig. 3A) . This broke the CXC and CC motifs but maintained the same seven Cys residues in Pca1p(250 -350). The lack of cadmium-induced stabilization of Pca1p(S291C,C298S,S306C,C311S) (Fig. 3E, third and fourth  lanes) indicated the existence of a specific binding site for cadmium within Pca1p(250 -350). Pca1p(S291C, C298S,S306C, C311S) is still a substrate of the ERAD system because its expression is high in a doa10⌬ strain that lacks the E3 ligase essential for ERAD of Pca1p. This indicates that the Pca1p possessing four amino acid substitutions retains its dependence on the ERAD system for degradation but cannot sense cadmium (Fig. 3E, fifth and sixth lanes) . Collectively, these results suggest that the distribution of Cys residues is critical for cadmium sensing but not composition of a protein degradation signal.
Identification of Residues in Pca1p(250 -350) Composing a Degron-
The identity and characteristics of most degrons are poorly defined despite regulated turnover of a number of proteins. Our data indicate that, although the Cys residues in Pca1p(250 -350) play a role in cadmium sensing to mask a degron, these residues are not critical for recognition of Pca1p by the ERAD system in the absence of cadmium. We therefore sought to identify amino acid residues comprising the degron in Pca1p(250 -350).
To be defined as a degron, the fusion of Pca1p(1-392) containing a degron with other proteins should result in regulation of their expression in a degron-dependent manner. Yor1p in yeast is a multidrug resistance protein extruding oligomycin, a mitochondrial toxin (48) . Given the rapid turnover of Yor1p when it is fused with Pca1p(1-392), expression of Pca1p(1-392) did not confer oligomycin resistance (Fig. 4A) . However, cadmium co-culture stabilized Pca1p(1-392)-Yor1p to allow cell growth at a lethal concentration of oligomycin (Fig. 4, A  and B) . (n ϭ 9) . B, determination of Pca1p stabilization as an indicator of cellular cadmium accumulation. BY4741 cells expressing functional Pca1p fused with N-terminal 3HA by the constitutive GPD1 gene promoter were cultured as described above. Western blotting of cell lysates using anti-HA antibodies visualized cadmium-induced expression of Pca1p. Pgk1p was detected with specific antibodies to determine equal loading. A representative figure of two independent experiments is presented. NT indicates a "no treatment" control. with cysteine residues shown in bold. CXC and CC are underlined. Serine residues that exchange their positions with the first Cys residues of CXC and CC are underlined. B, the GPD1 gene promoter-mediated expression constructs of functional Pca1p with and without site-directed mutation of Cys residues in PCA1(250 -350) were transformed to a pca1⌬ strain. PCA1 was fused with N-terminal 3HA. Cells co-cultured with CdCl 2 (1 M for 30 min) at mid-log phase were subjected to total cell lysate preparation. Western blotting with anti-HA antibodies determined expression levels of Pca1p. Pgk1p levels were used to determine equal loading. A representative figure of four repeats is presented. C and D, quantification of the data presented in B. Cadmium-induced changes in expression levels of the indicated Pca1p were measured (C). Steady state levels of Pca1p in cells cultured without cadmium were presented as relative levels of control Pca1p (D). *, p Ͻ 0.01 compared with wildtype control Pca1p. E, expression levels of Pca1p possessing S291C, C298S, S306C, and C311S substitutions were determined in WT control and doa10⌬ cells as described in B. Representative data of two independent experiments are presented.
We employed this experimental system to identify residues in Pca1p(250 -350) that are recognized by the ERAD machinery. We hypothesized that substitution(s) of the amino acid residue(s) within Pca1p(250 -350) that determine degron characteristics would stabilize Pca1p(1-392)-Yor1p, followed by oligomycin resistance without the introduction of cadmium. A library of Pca1p(250 -350) fragments possessing random mutation(s) was generated by an error-prone PCR method (41) . The pool of Pca1p(250 -350) fragments flanked with restriction enzyme sites was ligated with the corresponding enzyme sites artificially created at the same location in Pca1p(1-392)-Yor1p. The Pca1p(1-392)-Yor1p expression library containing random mutation(s) at the region of Pca1p(250 -350) was transformed in yeast cells, and then the cells were selected on solid medium containing oligomycin at a concentration displaying no growth of cells that express wild-type Pca1p(1-392)-Yor1p (Fig. 4B) . Pca1p(1-392)-Yor1p expression plasmids were retrieved from growing colonies. Sequencing of the Pca1p(250 -350) region of the plasmids identified mutations. Retransformation of each plasmid to yeast cells followed by oligomycin resistance confirmed the functionality of Pca1p(1-392)-Yor1p possessing specific mutation(s) (Fig. 4C) . Each mutation conferred oligomycin resistance at different degrees. The vast majority of these mutations occurred in the region between amino acids 271-320, indicating the importance of the region in regulation of Pca1p. Interestingly, those conferring the strongest growth of cells (e.g. I299N, I299T, and L296S) contain a hydrophobic-to-hydrophilic substitution (Fig. 4C) . When the mutations were introduced to the full-length PCA1, these mutations also resulted in cadmium-independent stabilization of Pca1p (Fig. 4D) . To determine the specificity and underlying mechanisms, we also generated PCA1 alleles by sitedirected mutagenesis, including I299L (hydrophobic to hydrophobic), Y302S (hydrophilic to hydrophilic), and N301L (hydrophilic to hydrophobic). These PCA1 alleles did not lead to Pca1p stabilization, which is distinct from L296S (hydrophobic to hydrophilic) (Fig. 4E) . Moreover, it is interesting to note the reduced steady-state levels of Pca1p(N301L) (Fig. 4E , fifth lane) with the addition of a hydrophobic amino acid. These results collectively suggest that the composition of amino acid residues, especially hydrophobic residues within the amino acid 271-320 region, is critical for the functionality of the degron.
Although mutations were introduced randomly throughout PCA1(250 -350), most mutations, except a few that were identified in combination with other mutation(s), were located in the Pca1p(271-320) (Fig. 4C) region, suggesting that the region contains major characteristic(s) for the degron. Database searches for proteins containing homologous sequences of Pca1p(271-320) identified only Pca1p-like proteins in other fungi (Fig. 5) . The corresponding sequence of Pca1p(271-320) in the identified proteins displayed several conserved amino acids (Fig. 5) , including CXC and CC, which are important for cadmium sensing, and Leu 296 , Ile 299 , and Glu 309 , which are critical for the functionality of the degron (Fig. 4C) . This indicates that Pca1p in other fungi might be regulated by cadmium in a similar manner as in S. cerevisiae; however, the primary amino acid sequence of Pca1p(271-320) is not sufficient to identify degrons in unrelated proteins.
Characteristics of a Degron in Pca1p(250 -350)-Given the lack of sequence similarity of Pca1p(250 -350) with any structurally characterized protein, we predicted its secondary struc- Cells at mid-log phase were spotted on solid medium, and cell growth was photographed in 2 days. C, PCA1(250 -350) fragments containing random mutation(s) generated by error-prone PCR and flanked with HindIII and PstI sites were replaced with the corresponding fragment in PCA1(1-392)-YOR1 . The plasmid library was transformed into yeast cells to select cells that can grow on solid medium containing a lethal concentration of oligomycin. Plasmids were retrieved from growing cells and subjected to sequencing. The growth of BY4741 yeast cells expressing empty vector, wild-type control Pca1p(1-392)-Yor1p, or selected plasmids containing amino acid substitution(s) within Pca1p(250 -350) was examined on solid SC medium containing oligomycin (1 g/ml). Cell growth was photographed in 3 days. The relative oligomycin resistance of cells was rated using cells expressing Pca1p(1-392)-Yor1p containing Pca1p(I299N) substitution as the highest (5, full growth) and wild-type control Pca1p(1-392)-Yor1p as the lowest (0, no growth). Several plasmids contained more than one mutation. The quantitation was confirmed by at least two independent experiments. D and E, Western blot using anti-HA antibodies determined steady-state expression levels of Pca1p with and without the indicated site-directed mutations. 3HA was fused at the N terminus (3HA-Pca1p). The GPD1 gene promoter-mediated expression constructs of 3HA-Pca1p were transformed into a pca1⌬ strain. Cell lysates were subjected to Western blotting using anti-HA and -Pgk1p antibodies. A representative figure of four experiments is presented. E, the results of four experiments are quantitated and presented as -fold change in expression levels. *, p Ͻ 0.01.
Characteristics of a Protein Degradation Signal in Pca1p
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ture using the I-TASSER program (45) . A long helix encompassing Pca1p(271-306) followed by an unstructured loop and two short ␤ sheets was observed (Fig. 6A) . The CXC and CC motifs are localized near the end of the helix and in the middle of loop, respectively. Another Cys residue is located at the first ␤ sheet (Fig. 6, A and C) . This helix is amphipathic (Fig. 6B ). All single mutations negating the degron were distributed within Pca1p(271-320) corresponding to the helix, loop, and first ␤ sheet (Fig. 6C) . The hydrophobic residues in the helix form a patch (Fig. 6E) , which is consistent with the amphipathic nature of the helix (Fig. 6B) . Three mutations, including I299T, I299N, and L296S, which lead to a non-functional degron and dramatic increase in Pca1p stabilization (Fig. 4, C and D) , perturb the helix and hydrophobic cluster (Fig. 6, D and F) . Collectively, these data suggest that amino acid distribution forming an amphipathic helix and hydrophobic patch is a critical characteristic of the degron.
Physical Interaction between Pca1p(250 -350) and Ssa1p in a Manner Dependent on Cadmium and Amino Acid Residues-
Surface exposure of hydrophobic residues in unfolded, misfolded, or denatured proteins is considered a primary determinant of recruiting molecular chaperones. It has been proposed that ERAD substrates are recognized by molecular chaperones, especially Hsp70s, to be targeted to the ubiquitination machinery (18, 49) . The hydrophobic patch in the helix of Pca1p(250 -350) (Fig. 6, B and E) is within the predicted cytosolic domain (31) . Therefore, the degron might attract molecular chaperones, but cadmium sensing could induce a conformational change to hide the signal. We tested this hypothesis by determining a physical interaction between Ssa1p, an Hsp70p, and Pca1p in the cells expressing WT control Pca1p without or with cadmium co-culture (Fig. 7A, third and fourth lanes, respectively) or Pca1p possessing the L296S substitution (Fig. 7A,  fourth lane) , which leads to stabilization of Pca1p without cadmium co-culture. Cells co-expressing Pca1p tagged with double c-myc epitopes (Pca1p-2myc) and Ssa1p tagged with a triple HA epitope (Ssa1p-HA) using the constitutive GPD1 gene promoter were cultured with and without cadmium in the medium (1 M, 1 h) . After treating cells with dimethyl 3,3Ј-dithiobispropionimidate, a cell-permeable cross-linker, membrane fractions were obtained. Pca1p-2Myc was immunoprecipitated using anti-myc antibodies and probed with anti-myc antibodies and anti-HA antibodies to detect Pca1p and Ssa1p, respectively (Fig. 7A) . Although immunoprecipitated Pca1p is ϳ9-fold higher in cells co-cultured with cadmium, Ssa1p association with Pca1p was less than 15% (13.4 Ϯ 1.5%, n ϭ 2) that of control cells (Fig. 7A, third and fourth lanes versus second lane  in the first and second panels) . This result suggests that cadmium sensing by Pca1p interferes with its binding to Ssa1p, presumably by masking the hydrophobic patch within Pca1p(271-320). To address this, we compared the complex formation of Ssa1p with control Pca1p and Pca1p(L296S). The L296S substitution perturbed the hydrophobic patch in the Pca1p(271-320) region and resulted in Pca1p stabilization (Figs. 6F and 7A, fourth lane) . Indeed, the pulldown efficiency of Ssa1p by Pca1p(L296S) was less than 20% (15.7 Ϯ 5, n ϭ 2) of control Pca1p (Fig. 7A, fourth lane) . Western blotting displayed that Pca1p levels in ssa1⌬ cells are higher, which is further increased by cadmium co-culture (Fig. 7B) . Given no significant change in the expression levels of Pca1p in cells lacking all three other Ssa1p isoforms (ssa2,3,4⌬), Ssa1p plays a major role in the steady-state expression of Pca1p (Fig. 7C) . This argument was confirmed using an ssa2,3,4⌬ strain expressing an Ssa1-45 allele. In the strain, Pca1p expression levels were significantly higher relative to those of WT and ssa2,3,4⌬ strains expressing the functional Ssa1p (Fig. 7C) . Although Ssa1-45 was isolated as a temperature-sensitive allele (32) , no obvious difference in Pca1p expression was observed between the permissive and restrictive temperatures. To determine the physiological significance of Pca1p stabilization in the absence of Ssa1p, cells expressing Ssa1p or Ssa1-45p were co-cultured with cadmium (1 M CdCl 2 , 30°C, 30 min), and then cellular cadmium levels were measured (Fig. 7D) . As anticipated, Pca1p expression decreased cellular cadmium levels. The strain expressing high levels of Pca1p because of the partially functional Ssa1-45p accumulated significantly less cadmium relative to strains expressing fully functional Ssa1p (Fig. 7D) . These results collectively suggest that hydrophobic amino acid residues within the degron (e.g. L296) recruit Ssa1p to induce ERAD of Pca1p. However, cadmium sensing interferes with the interaction to induce Pca1p expression, followed by cadmium detoxification.
Discussion
Despite many examples of regulated turnover of proteins, the identity, characteristics, and control mechanisms of degradation signals have been defined for only a few proteins. The results presented in this manuscript reflect one of best-characterized degrons.
Purified Pca1p(250 -350) containing a degron displayed binding with cadmium and copper but not zinc, which is con- sistent with metal specificity in the stabilization of Pca1p in yeast cells (30, 31) . Nevertheless, it is important to note that Pca1p stabilization by copper was only evident in a strain deficient of the Ace1p transcription regulator, which induces expression of copper-chelating metallothionein (MT), but not wild-type control cells (31) . This result indicates that the copper binding sensitivity to Pca1p(250 -350) is lower than Ace1p and MT. It was reported that cadmium binds to MT but does not activate Ace1p to increase expression of MT (50) . Consistently, cadmium-induced stabilization of Pca1p was observed in WT cells (31) . The selectivity of Pca1p(250 -350) to cadmium versus zinc remains to be investigated because of the similar characteristics between the elements and documented examples of sharing binding sites and transporters (47, 51, 52) .
The half-life of proteins is determined by various mechanisms such as intrinsic signatures (e.g. N-terminal amino acid, PEST sequences), cellular regulation (e.g. posttranslational modification of proteins recruiting degradation machinery), and folding failure and damage (1, 53, 54) . It was shown that cell-permeable agonists and antagonists elevated the expression of wild-type control and mutated ␦ opioid receptors that are degraded by ERAD (55) . Binding of estrogen to the estrogen receptor ␣ controls the pathways of estrogen receptor ␣ degradation (56) . Turnover of apolipoprotein B and Hmg2p in response to limitation of lipid molecules and surplus of intermediates of sterol biosynthesis, respectively, are other examples of ligand-dependent protein turnover (13, 57) . However, Pca1p is unique in that cadmium directly binds to a degron in Pca1p to control its accessibility. It is interesting to speculate that small molecules, such as inorganic species, xenobiotics, substrates, ligands, and metabolites, might be widely involved in the regulation of protein turnover.
Given the critical role of Pca1p(250 -350) as a sensor of cadmium to stabilize Pca1p, the relatively high K d (ϳ6 M) of Pca1p(250 -350) for cadmium was an unanticipated outcome. For instance, it was shown that the CueR transcription activator of copper efflux genes in E. coli manifests zeptomolar sensitivity to free Cu ϩ (58) . Nevertheless, cells co-cultured with 1 M CdCl 2 accumulate ϳ6 M cadmium within 15 min, which was correlated with Pca1p stabilization. Nevertheless, it is necessary to point out that the cadmium concentration does not reflect cadmium ions in the fluid phase of the cytoplasm. Given no available method for measuring the labile pool of cadmium in the cytoplasm, the cadmium sensitivity of the degron in cells warrants further research.
It is worth considering the possibility that cadmium sensing by Pca1p(250 -350) is promoted by specific factor(s) that could increase the efficiency of cadmium sensing. GSH, an abundant (low micromolar concentration) tripeptide transfers cadmium to the Ycf1p cadmium transporter in the vacuolar membrane (59). Our study however indicated that the cadmium binding of Pca1p(250 -350) in vitro is not affected by reduced and oxidized GSH and cysteine in the reaction buffer (data not shown). This suggests that the cadmium binding affinity is higher for Pca1p(250 -350) relative to that for GSH and free cysteine. It was reported that the Atx1p metallochaperone can bind both cadmium and copper (60) . However, our previous data showed that Pca1p function is not affected in the absence of known copper chaperones (41) . Cadmium chaperone(s) for the degron in Pca1p, if they exist, remain to be identified.
Pca1p(250 -350) contains seven Cys residues that are frequently identified at metal binding sites in other proteins (61) . Metal-sensing transcription regulators such as Mac1p and Ace1p in yeast and MTF-1 in higher eukaryotes, including mammals, also rely on Cys residues that likely bind with metal ions as a sensing mechanism (62). Other common amino acid -2Myc) and Ssa1p tagged with a triple HA epitope (3HA-Ssa1p) were co-cultured with and without CdCl 2 (1 M) for 1 h, and Pca1p(L296S)-2Myc (no CdCl 2 ) was treated with the membrane-permeable cross-linker dimethyl 3,3Ј-dithiobispropionimidate (100 g/ml). Cell lysates were subjected to Western blotting using anti-HA and anti-myc antibodies. Pgk1p was detected using specific antibodies to determine equal loading. Immunoprecipitation (IP) of Pca1p-2Myc in the lysates was carried out using anti-myc-conjugated beads (Pierce). residues involved in metal sensing are histidine and methionine. Endocytosis and degradation of a human zinc importer in a histidine-rich, cluster-dependent manner protects against zinc cytotoxicity (63) . Several other P 1B -type ATPase family members in mammals and plants to which Pca1p belongs possess undercharacterized metal-binding residues at the N or C terminus (64) . The predicted metal binding sites might play roles for regulation of activities, expression, and/or subcellular trafficking of those transporters.
Only Pca1p-like proteins in other fungi contain a similar amino acid sequence to Pca1p(271-320), the core sequence composing a degron in Pca1p. This indicates that the primary sequence of the degron in Pca1p does not provide useful information for identifying degrons in other unrelated proteins. Our attempts for obtaining secondary and tertiary structures of Pca1p(250 -350) with and without cadmium sensing have not been successful, which is primarily attributed to aggregation of purified Pca1p(250 -350) at the concentrations required in solution experiments and crystallization. Nevertheless, identification of amino acid residues within Pca1p(271-350) that are responsible for its function as a degron reveals a critical role of the residues forming a hydrophobic patch on a predicted amphipathic helix of Pca1p(271-306). The exposure of hydrophobic residues at the surface of proteins resulting from misfolding or denaturation has been considered as the signal for recruiting molecular factors involved in refolding and destruction (16) . Given Pca1p stabilization by site-directed substitution of several amino acids in the predicted loop and ␤ sheet that follows, those mutations could mimic cadmium sensing and perturb the degradation signal.
The degradation signals of two known ERAD substrates, Mat␣2p of yeast and mammalian SGK1, have been characterized as amphipathic helices (16, 17) . Intermolecular interaction masks the signal in Mat␣2p (16); however, it is uncertain whether the degron in SGK1 is regulated by cellular cues as a mechanism of expression control. A non-biased selection of 16 -50 amino acid peptides revealed that hydrophobic amino acid clusters can serve as signals for degradation (65) . Determination of the contribution of each amino acid in one of the peptides by site-directed mutagenesis confirmed that both a patch of bulky hydrophobic residues and positively charged residues were found to be essential, which is distinct from the degrons in Mat␣2p and SGK1 (66) . These reports are in line with our results indicating the roles for hydrophobic residues and two positively charged residues, Arg 288 and Lys 308 (Fig. 6C) . We also identified a negatively charged residue, Glu 309 (Fig.  6C) , which is unique for Pca1p. However, all of these characterized signals do not display any sequence homology to each other. Therefore, it is evident that the primary amino acid sequence is insufficient to predict degrons. Integration of secondary and tertiary structures of a particular protein and its interactions with other proteins and small molecules may achieve this. With continuous efforts to identify such signals from different targets, one could develop algorithms by which the signal(s) in each protein could be predicted and provide methods for controlling the signals via physiological or pharmacological means. This is an important issue because various diseases are implicated in an imbalance in protein expression and turnover (5, 67, 68) .
It has been suggested that molecular chaperones are primarily responsible for recognition of the substrates of ERAD (69) . Our data displayed that Ssa1p, an Hsp70p chaperone, physically interacts with Pca1p. The reduced interaction displayed by less efficient immunoprecipitation of Ssa1p with Pca1p is correlated with stabilization of Pca1p. Given that surface exposure of hydrophobic residues can serve as a signal for recruiting molecular chaperones, our result supports the notion that the patch of hydrophobic amino acids at the helix Pca1p(271-306) is recognized by Ssa1p. Cadmium binding to the degron limits its interaction with Ssa1p, indicating that cadmium serves as a natural chemical chaperone masking the degron. Molecular chaperones were initially characterized as heat stress-induced proteins that play critical roles in protein folding. Surface exposure of hydrophobic residues in a degron of Pca1p and misfolded or denatured proteins could be a common feature attracting molecular chaperones. However, it is still unclear exactly what determines the fate, folding versus degradation, of heat stress-induced protein clients.
Identification of small molecules that can improve the maturation and secretion of CFTR⌬F508, which is associated with cystic fibrosis, the most common lethal genetic disease in Caucasians, has been actively explored (70) . Co-culture of cells expressing CFTR⌬F508 with glycerol restored its chloride transport function (71) The effects of glycerol were also observed for a mutated hERG potassium channel (72) and yeast Hmg2p (73) . This has also been proposed as a treatment in neurodegenerative diseases manifesting an accumulation of misfolded proteins, such as Alzheimer, Parkinson, Huntington, and prion diseases (74) . Cadmium and copper as a folding factor for the degron in Pca1p provides a new conceptual frame for further determination of chemical chaperone roles for ions and metabolites.
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